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ABSTRACT 
Potassium bromide and calcium nitrate were used as 
tracers in sprinkler irrigation water and applied to a field 
plot drained with a single subsurface drain line during two 
irrigations. Irrigations were centered above a drain conduit 
installed 1.1m below the soil surface. Drain flow was 
measured, and water samples were collected from drain 
discharge and analyzed for NO3" and Br" content. 
A hydrograph separation technique, using a mass 
balance and the assumption of a dual porosity model, was 
applied to tracer concentrations and flow rate of drainage 
water to estimate the preferential flow and matrix flow 
components of subsurface drainage. Individual 
hydrographs of both matrix and preferential flow were 
constructed. Preferential flow was found to contribute less 
than 2% of the total drain outflow but, nonetheless, 
transported on a mass basis: 24% and 12% of the bromide 
and 20% and 9% of the nitrate reaching the drain, 
respectively, during two sprinkler irrigations. Keywords: 
Anion transport. Bromide, Dual porosity. Drainage, 
Hydrograph separation, Macropores, Matrix flow. 
Preferential flow. Nitrate 
INTRODUCTION 
M any hydrologic models describing infiltration and water movement in soils are based on the simplifying assumption of homogeneous and 
isotropic soil conditions. Water movement under these 
conditions can be described by a derivation of Darcy's law 
(Philip, 1969; Beven and Germann, 1982). Lawes et al. 
(1881), however, provides an early example of the 
recognition that uniform flow through homogeneous soils 
often does not exist. Where heterogenous conditions exist, 
uniform flow assumptions may not hold (Germann, 1988). 
Much research work has shown that vertically 
continuous macropores (channels formed by plant roots, 
soil animals, soil cracks, or soil structure) can have a 
significant influence on infiltration and drainage especially 
in structured soils (Beven and Germann, 1981; Blake et al., 
1973; Bouma et al., 1977; Douglas, 1986; Smettem and 
Collis-George, 1985; Rice et al., 1986; Richard and 
Steenhuis, 1988). Preferential flow through macropores has 
been commonly observed in structured soils in the north-
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central states and Canada (Anderson and Bouma, 1977; 
Elrick and French, 1966; Everts et al., 1989; McBride, 
1985; Priebe and Blackmer, 1989). 
The existence of preferential flow paths for water 
movement has important consequences in the transport of 
chemicals in soils (Germann, 1988; Thomas and Phillips, 
1979; White, 1984). Chemical transport models such as 
PRZM (Carsel et al., 1984) and GLEAMS (Leonard et al., 
1987), however, frequently do not include solute transport 
by preferential flow paths because of difficulty in 
quantifying water and chemical transport occurring by 
preferential flow. 
A simple approach to describing the transport of water 
and chemicals in a structured soil is to consider soil to be a 
dual porosity system with the assumption that water 
movement occurs uniformly (or not at all) through the 
smaller pores and more rapidly through larger macropores 
(Addiscott et al., 1986; Hoogmoed and Bouma, 1980; 
Jarvis and Leeds-Harrison, 1987; Skopp and Warrick, 
1974; Van Genuchten and Wierenga, 1976). A practical 
difficulty with this approach lies in establishing the 
boundaries for each flow system. Skopp (1981) suggests 
that pores be classified on the basis of their function. 
Matrix porosity is defined by Skopp (1981) as that porosity 
carrying water and solutes slowly enough so there is 
extensive mixing between pores. This definition is 
consistent with the assumptions made for water movement 
according to Darcy's law, and for solute transport described 
by the convective dispersive equation. Skopp's definition 
of matrix porosity or matrix flow is used in this article. 
A second type of water and solute transport occurs by 
macroporosity, defined by Skopp (1981) as that portion of 
soil porosity providing preferential flow paths where 
mixing and transfer between adjacent pore sizes is limited. 
Germann (1988) uses the term "preferred flow" to refer to 
water movement occurring preferentially due to unstable 
flow or soil macropores. This flow mechanism is referred 
to as preferential or macropore flow in this article. 
The purpose of this work is to separate the water 
reaching a subsurface drain, during an irrigation into its 
matrix porosity and macroporosity components, using the 
assumption of a dual porosity model. Once the magnitude 
of the two flow components is estimated, the relative 
importance of each in solute transport can be assessed. 
MATERIALS AND METHODS 
FIELD TRACER EXPERIMENT 
This tracer experiment was performed on a 
conventionally tilled (fall-plowed, spring-disked and 
planted) field with a standing com crop. The location, at 
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the Iowa State University Agricultural Engineering/ 
Agronomy Research Farm, near Ames, Iowa, had been 
planted continuously to com and not fertilized for three 
years preceding this experiment (Kanwar et al., 1988). The 
site was on a Nicollet loam soil derived from glacial till 
with a 2.6% slope. Some soil physical properties at this site 
are presented in Table 1. 
Subsurface drainage at the site was collected by a 0.1-m 
diameter vitrified clay drain line located I.l m below the 
soil surface of the experimental plot. The subsurface drain 
was installed in 1960 without any special backfill material. 
The drain line was intercepted at the lower end of the field 
by a 1.2-m diameter steel culvert installed vertically. The 
culvert provided access for sampHng subsurface drain flow 
and was the location of a recording flume for measuring 
drain flow rate. Adjacent drain lines are located 36.6 m on 
either side of the monitored drain line. 
For this tracer experiment, potassium bromide and 
calcium nitrate were batch mixed with irrigation water in 
two, 20-m^ tanks and applied to the plot area above the 
subsurface drain. Irrigation water, containing 236 mg/L of 
Br and 234 mg/L NO3' as N, was applied through 12 
impact sprinklers set in a rectangular pattern of four 
sprinkler nozzles per line and three lines giving a 7 m x 6.4 
m spacing between heads. Sprinkler lines were oriented 
parallel to the drain line. The sprinklers were Rainbird 
30BH heads with a 4.37-mm nozzle mounted on 2.5-m 
risers. The tall risers placed the sprinkler heads above the 
com plants. A map of the site showing sprinkler layout, 
plot contours, subsurface drain, and sampling location is 
given in figure 1. 
The tracer experiment was mn in mid-August 1987 with 
com at the site near maturity. Subsurface drainage had last 
occurred at the site nine weeks prior to the start of this 
experiment. When the first irrigation began, the water table 
under the experiment site was 0.20 m below the drain line 
(1.3 m below the soil surface). During the eight days 
preceding the first irrigation, 180 mm of rain fell at the site. 
A rainfall of 43 mm ended 36 h before the first irrigation 
began. Soil moisture in the plot at the start of the 
experiment was close to the maximum water holding 
TABLE 1. Selected physical properties of Nicollet loam soil 
determined at the experiment site 
Property 
Porosity* 
Field capacity* 
Volumetric water 
content 
Bulk Density* 
Steady state infiltration§ 
(95% confidence interval) 
Organic carbonll 
%Sand* 
% Silt* 
%Clay* 
Range in values for 
0 to 0.90-m depth 
0.45-0.50 
0.33-0.35 m^An^ 
0.28-0.35 m^An^t 
0.30-0.36 m^An^l 
1.30 - 1.49 Mg/n? 
24nim/h 
14 - 40 mm/h 
0.9 - 2.2% 
32 - 54% 
25 - 43% 
20 - 28% 
*From Kanwar et al. (1985). 
tValue prior to first irrigation. 
IValue prior to second irrigation. 
§From Everts (1989). 
ilRange for 0 to 0.60*m soil depth. 
11.2 
10.9 
10.6 
Figure l-Field site map showing sprinkler head locations (x). Dotted 
line indicates buried drain location. Circle shows drain sampling 
location. Contour line interval is 0.3 m. 
capacity (Table 1). Earlier in the summer, cracks were 
observed in the soil at the surface of the plot due to dry 
conditions. At the time of the experiment, however, no 
visible signs of cracks, openings, or other surface 
discontinuities were observed. Two irrigations were made 
50 h apart with water containing Br' and N03". The first 
irrigation applied tracer solution continuously for 256 min, 
after which the irrigation was interrupted for 38 min (due 
to a delay in water delivery to the site), followed by an 
additional 64 min of water and chemical application. Total 
volume of tracer-containing water applied during this event 
was 84.8 m^ with an average application depth of 56 mm. 
Two days later on the same site, the second irrigation lasted 
129 min and applied a total of 34.3 m^ of water (average 
depth 18 mm) without interruption. Subsurface drain flow 
was measured and sampled for chemical analysis at 
intervals during and after the two irrigations. 
The solution of water and chemicals for irrigation was 
nixed and applied at a rate of 20 L/min through each 
sprinkler. The wetted area above the tile line was 
approximately circular with a diameter of 43 m. The close 
spacing (7 m x 6.4 m) and small number (12) of sprinklers 
resulted in a nonuniform distribution of water and 
chemicals applied over the wetted area of the plot. The 
highest application rate and depth of tracer solution applied 
to the plot was centered directly over the tile line. The 
maximum application rate of irrigation water to the plot 
was 26 mm/h which was received by slightly over 1% of 
the total area wetted by irrigation. Average application rate 
over the irrigated area receiving at least 20 mm of tracer 
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solution in total from both irrigations, was 8 mm/h. The 
maximum depth of water applied from the first irrigation 
was 130 mm; 45 mm was the maximum depth applied by 
the second irrigation. 
HYDROGRAPH SEPARATION PROCEDURE OF PREFERENTIAL 
AND MATRIX FLOW COMPONENTS 
Using matrix and preferential flow definitions given 
earlier, movement of water and chemicals through 
macropores by preferential flow is more rapid than Darcian 
or soil matrix flow (Beven and Germann, 1982). A 
somewhat analogous situation exists when separating a 
flood hydrograph into its direct surface runoff and 
groundwater components. The groundwater portion of a 
flood hydrograph changes relatively slowly and would 
correspond to matrix flow reaching subsurface drainage. 
The direct surface runoff component of the flood 
hydrograph would correspond to the more rapid response 
of the preferential flow component. 
Using the hydrograph separation technique of Finder 
and Jones (1969), which has been applied to karst 
hydrology by Hallberg et al. (1984), the following mass 
balance equation can be written to describe the transport of 
a solute to subsurface drain flow: 
where: 
Q^  = Total flow rate of drainage in the drain 
O *C = o *C 
^Qp *Cp (1) 
Qm = 
Ct = 
line (L3/r), 
Matrix flow contribution to drain flow (L^/T), 
Preferential flow contribution to drain flow 
(L^yT), 
Tracer concentration in drain water (M/L^), 
Tracer concentration of matrix flow component 
reaching drainage (M/L^), 
Tracer concentration of preferential flow 
components reaching drain water (M/L^). 
Solving for preferential flow (Qp) in equation 1 gives: 
From conservation of mass, it is also known that: 
By solving for Qp (and alternately for Q^) in equation 
O *C -O * c 
P C 
(2) 
3, substituting the result into equation 2, and rearranging 
Q.=Qp+Qm (3) 
terms, we can obtain: 
Equations 4a and 4b are two alternate expressions 
representing a combination of two equations with four 
Qp =Q. * ( C , - C J / ( C p - C J (4a) 
Q„=Q,*(C,-Cp)/(C„-Cp) (4b) 
unknowns (Qp, Q^, Cp, C^). In order to solve for Qp and 
Q^, values for Cp and C^ were estimated using the 
following assumptions: 
1. Concentration of tracer in matrix flow (C^ )^ reaching 
the drain increases linearly between the initial value for C^ ^ 
and the ultimate concentration for C^ at the end of each 
irrigation. 
2. Shortly after the end of an irrigation, the tracer 
concentration in drain flow approaches the ultimate matrix 
flow concentration (C^ = C^ )^. 
3. Due to the definition being used for macroporosity, 
relatively little mixing takes place in pores contributing 
preferential flow, the concentration of preferential flow 
(Cp) was set equal to the Br" and NO3" concentration in the 
applied irrigation water (Table 2). 
The third assumption will likely introduce some error 
since any diffusion or mixing taking place during 
infiltration between macropores and the surrounding soil 
matrix will act to decrease the concentration of tracer 
transported by preferential flow (Cp) to the drain line. It 
should be noted, therefore, that by setting the tracer 
concentration in the preferential flow component (Cp) to a 
maximum equal to the tracer concentration in the applied 
irrigation water, the result will be a minimum estimate of 
the volume and flow rate of the preferential flow 
component (Qp). 
RESULTS AND DISCUSSION 
If either matrix or macropore flow were the only 
mechanism for the transport of solutes to subsurface 
drainage, the concentration of both NO3" and Br' in 
drainage could be expected to increase for as long as the 
tracer solution was applied or until the concentration of 
tracer in drainage water reached the same concentration as 
that applied in the tracer solution. This effect was observed 
in a one dimensional column breakthrough curve (Everts et 
al., 1989). 
Figures 2 and 3 show Br" and NO3" concentrations 
measured in drain outflow during each irrigation. 
Concentration levels of Br" and NO3" in drain water 
resulting from the two irrigations compare closely. The 
drain line was not flowing at the start of the first irrigation, 
but flow began 35 min after irrigation began. An increase 
in outflow from the drain and in Br" and N03" 
concentrations in drain water was observed 25 min after 
the start of the second irrigation. 
During each irrigation, Br" and NO3" concentration in 
drain outflow reached a peak and then began declining 
even though irrigation continued and drain flow increased. 
A peak in Br" and NO3" concentrations occurred between 
65 and 70 min during the first irrigation and between 85 
and 95 min during the second tracer irrigation. This 
increasing and decreasing concentration of tracers in drain 
outflow is consistent with a dual porosity model. A two-
flow mechanism model is also consistent with the behavior 
of two partly adsorbed tracers (Rhodamine WT and Li^) 
also present in the applied tracer solution (Everts et al., 
TABLE 2. Values for Br~ concentration used for Cp and C,„ in 
equation 4 
Parameter First irrigation Second irrigation 
Cp 236 mg/L (avg.) 245 mg/L 
Cm (start) 0.0 mg/L at T = 0 min 8.4 mg/L at T = 0 min 
15.6 mg/L at T = 286 min 
Cm(end) 15.6 mg/L at T = 254 min 24.3 mg/L at T= 175 min 
17.0 mg/L at T = 410 min 
* Used in constructing figs. 5 through 9. 
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100 200 300 
Time from Stort of Application (min) 
Figure 2-Broinide and nitrate concentration measured in drain 
outflow during flrst sprinkler irrigation. 
1989). The peak for these tracers occurred simuhaneously 
to that for Br" and NO3". 
Figure 4 shows the assumed matrix flow concentration 
(C^ )^ for Br" used with equation 4. The C^ (start) value 
reported for the first irrigation in Table 2 was based on Br" 
concentration in soil samples and suction lysimeter 
samples taken prior to any tracer application. For the 
second irrigation, C^ (start) in Table 2 was the 
concentration of Br" in drain flow just before the second 
irrigation began. The Cm (end) values given in Table 2 
were taken from the recession portion of the drain outflow 
concentration curves of figures 2 and 3. Drain flow was 
assumed to consist entirely of matrix flow 60 and 80 min 
after the end of the first and second tracer irrigations, 
respectively. These points were chosen because they appear 
to correspond to an inflection point on the drain flow 
concentration curve. 
Hydrographs in figures 5 and 6 are the result of solving 
equations 4b and 3 for matrix and preferential flow (Qj^ 
and Qp) using: Br" concentrations in the drainage (C )^, 
given in figures 2 and 3; the values for Cj„ as shown in 
figure 4; and the values for Cp given in Table 2. Similar 
calculations were made using the corresponding C^ and Cp 
values for NO3". Hydrographs obtained using NO3" 
concentration data gave results nearly identical to the 
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Figure 4-VaIues for Br" concentration used for matrix flow (C„) from 
flrst and second irrigation in equation 4. 
values for Q and Q^ ^ shown in figures 5 and 6 and, 
therefore, were not included in this article. 
Figures 5 and 6 show the dominate mechanism for water 
reaching the subsurface drain line is as matrix flow. Matrix 
flow appears to contribute the majority of water moving to 
the drain line even during the early stages of the drain flow 
hydrograph. Initial mixing between macropores and matrix 
flow, combined with high antecedent soil moisture content 
at the start of the experiment, may explain why the 
technique does not show greater macropore flow during the 
early stages of drain flow response as might be expected. 
Figures 7 and 8 present the relative contribution to drain 
outflow made by preferential flow during each irrigation. 
The maximum contribution of preferential flow to drain 
water corresponds to the peak Br" concentration in drain 
flow. Maximum preferential flow during the first irrigation 
was 29% of the total drain outflow, 65 min after the first 
irrigation began. Under somewhat wetter soil conditions, 
the maximum percentage of preferential flow during the 
second irrigation was 20% of the total drain flow 85 min 
after the second tracer irrigation began. 
Figure 9 provides a more detailed view of preferential 
flow components determined from the two irrigations. The 
rapid rise in preferential flow observed following the 38-
min interruption during the first irrigation is similar to the 
End 2nd Irrigation 
100 200 
TlnPi* from Stort of Application (min) 
Figure 3-Bromide and nitrate concentration measured in drain 
outflow during second sprinicler irrigation. 
200 300 
Time (min) from start of Irrigation 
Figure 5-Total drain outflow witli matrix and preferential flow 
components calculated for flrst irrigation from equation 4. 
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Figure 6-Total drain outflow with matrix and preferential flow 
components calculated for second irrigation from equation 4. 
increase in preferential flow observed at the start of the two 
irrigations. Preferential flow in subsurface drainage 
calculated for the second irrigation increased for the entire 
irrigation. This would suggest that the 129-min irrigation 
was not long enough for preferential flow to reach an 
equilibrium. Maximum preferential flow contributed to 
drain flow calculated during the second irrigation was 1.22 
L/min occurring as the irrigation ended. Based on the 
length of drain line, which received irrigation in excess of 
the soil infiltration rate at the site (Table 1), maximum flow 
estimated to be carried by macroporosity was 0.06 L/min 
per meter of drain line. 
Preferential flow calculated from the first irrigation 
increased rapidly during the first 30 min after drain flow 
began. From 60 to 120 min into the first irrigation, the 
calculated value of preferential flow stabilized around 1.1 
L/min then increased again at a slope similar to that 
observed during the second irrigation. The rapid surge in 
the rate of preferential flow to the drain starting at 120 min 
corresponds to the rapid increase in flow rate observed in 
the drain flow hydrograph (fig. 5). Between 120 and 185 
min, the macropore flow increased to a maximum of 1.8 
L/min before starting to decline. At 1.1 and 1.8 L/min, the 
rate of preferential flow contributed per meter of drain line 
ranged from 0.07 to 0.11 L/min. 
The preferential flow hydrograph generated for the first 
120 160 200 
Time from stort of Irrigation (min) 
Figure 8-Preferential flow component sliown as a percentage of total 
drain outflow during second irrigation. 
irrigation shows clearly the effect of the interruption in 
water application which took place between 254 and 286 
min (fig. 9). When irrigation was resumed after the 38-min 
interruption, drain flow responded in less than 20 min. The 
calculated preferential flow rate increased from 0.0 L/min 
when the irrigation was resumed, to 2.1 L/min 64 min later 
when the irrigation ended. This rate of increase would 
suggest that macropores contributing to drain outflow had 
not completely drained in the 38 min that the irrigation was 
interrupted. 
CONCLUSIONS 
A hydrograph separation technique was used to separate 
flow in a subsurface drain line into matrix and preferential 
flow components using the assumption of dual porosity and 
a tracer mass balance. Matrix flow was defined as the 
movement of water and solutes through soil such that there 
is extensive mixing with pore water. Preferential flow was 
defined as more rapid water movement through a soil that 
occurs with minimal mixing with soil pore water. Matrix 
and preferential flow hydrographs calculated from two 
tracer irrigations, made two days apart on the same site, 
were similar in shape and magnitude. 
Figures 5 through 9 give an estimate of the magnitude 
of water and chemicals transported by preferential flow to 
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Figure 9-Comparison of preferential flow hydrographs calculated 
from the flrst and second irrigations. 
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a drain line from a sprinkler irrigation where application 
intensity exceeded the soil intake rate on a portion of the 
plot area. These hydrographs also provide an indication of 
the potential significance of preferential flow in 
transporting water and chemicals through macropores to 
the shallow groundwater system. The quantity of 
preferential flow shown in figures 5 through 9 obtained by 
applying equation 4 to field data should be considered at 
best to be minimum estimates of the quantity of 
preferential flow. This is due to the assumptions that no 
dilution of tracer occurs in preferential flow channels and 
that all preferential flow is intercepted directly by the drain 
line. 
From the experimental conditions of this tracer study 
and the assumptions of the dual porosity model, the 
proportion of preferential flow in drainage at any time was 
small (a maximum of 29% of the total drain flow), yet 
preferential flow contributed a disproportionate share of 
tracer chemicals reaching the drain line. When subsurface 
drainage flow was divided into matrix and preferential flow 
components, only 1.6% and 0.9%, respectively, of the 
entire drain flow volume resulting from the first and 
second irrigations could be attributed to Preferential flow. 
In spite of this relatively small contribution to total 
subsurface drainage volume, preferential flow accounted, 
respectively, for 24% and 20% of total Br" and NO3" 
transported from the first tracer irrigation and 12% and 9%, 
respectively, from the second irrigation. Preferential flow 
was more significant in Br" transport than for NO3" due to 
the lower Br" concentrations initially present in soil at the 
site. Preferential flow would be even more important in 
transport of a soil adsorbed chemical due to decreased 
adsorption opportunities in preferential flow channels. 
Use of equation 4 to quantify macropore flow to a drain 
line is limited by the accuracy of matrix and preferential 
flow concentration estimates. The approach could 
potentially be applied where high background 
concentrations of a chemical are diluted by clean surface 
inflow during a rainstorm. Results from this technique are 
most sensitive to values used for Cp in equation 4 and are 
most questionable when values of Cl and C^ ^ are close. 
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